The production of violacein by Pseudoalteromonas sp. 520P1 has many features of quorum sensing. Signaling molecules were extracted from bacterial culture and subsequently identified as N-(3-oxooctanoyl)-homoserine lactone and N-tetradecanoyl-homoserine lactone. The former but not the latter induced the production of violacein in strain 520P1. We conclude that N-(3-oxooctanoyl)-homoserine lactone is a signaling molecule involved in the production of violacein.
Pseudoalteromonas sp. strain 520P1 is a Gramnegative bacterium recently isolated by our group from samples collected off the Pacific coast of Japan. 1) This bacterium produces a large amount of violacein, a purple pigment that has strong anti-trypanosome and anti-tumor properties. 2, 3) The results of our recent study suggest that violacein production in strain 520P1 is regulated by quorum sensing. Quorum sensing is a phenomenon in which bacteria use signaling molecules, termed autoinducers, to communicate with each other. 4, 5) Among the Gram-negative bacteria, including Pseudoalteromonas, N-acylhomoserine lactones (AHLs) are common autoinducers. Quorum sensing is used by bacteria to regulate a number of physiological processes, including bioluminescence, the secretion of virulence factors, biofilm formation, sporulation, conjugation, and pigment production. We investigated the production of quorum sensing signaling molecules that are involved in violacein production by strain 520P1.
To determine whether AHL autoinducers are produced by strain 520P1, we attempted to extract AHLs from a culture of strain 520P1. AHL activity was subsequently measured with a reporter strain of bacteria that responds to a broad spectrum of AHLs. Strain 520P1 was cultured, as described previously, 1) in 2 liters of culture medium at 20 C. At 24-h intervals a 50-ml aliquot of the culture was centrifuged, and the supernatant was extracted 3 times with 50 ml of chloroform. The extract was evaporated and the dried sample was dissolved in 1 ml of ethanol. AHL activity was estimated using the quantitative plate assay technique. 6) Briefly, an AB minimal agar plate containing 0.2% glucose and 40 mg/ml of 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal) was overlaid with 3 ml of molten soft agar containing 40 mg/ml of X-Gal and 200 ml of the cultured AHL biosensor, Agrobacterium tumefaciens NTL4 (pZLR4). After the agar was solidified, paper discs (8 mm in diameter) filled with 20 ml of the culture extract were laid on the surface of the plate. Following incubation for 24-48 h, the plate was examined for zones of blue pigmentation. To measure the production of violacein, the bacterial culture (1.5 ml) was centrifuged and the violacein in the precipitate was extracted with 1.5 ml of ethanol. After centrifugation, the concentration of violacein in the supernatant was measured at 575 nm. To assay cell growth, the culture was diluted and spread on a plate to count the number of colonies. Bacterial growth was also monitored by measuring the turbidity at 700 nm.
The time courses for the growth of bacteria, the production of violacein, and the increase of AHL activity are shown in Fig. 1 . Bacterial growth reached a stationary phase by 48 h. Maximum turbidity was measured at 72 h and decreased thereafter (data not shown), but we did not observe any violacein production y To whom correspondence should be addressed. Fax: +81-887-57-2520; E-mail: enomoto.keiichi@kochi-tech.ac.jp Abbreviations: AHL, N-acylhomoserine lactone; X-Gal, 5-bromo-4-chloro-3-indolyl--D-galactopyranoside; TLC, thin layer chromatography; C6-HSL, N-hexanoyl-homoserine lactone; C14-HSL, N-tetradecanoyl-homoserine lactone; 3-oxo-C8-HSL, N-(3-oxooctanoyl)-homoserine lactone; LC-MS, liquid chromatography-mass spectrometry; HPLC, high performance liquid chromatography; SRM, selected reaction monitoring or AHL activity until after 72 h. The production of violacein increased rapidly as AHL activity increased. Based on these results, we suggest that violacein production is regulated by AHL activity.
To clarify the characteristics of these autoinducer-like substances, which we assumed to be AHLs, the extract of the culture supernatant was analyzed by thin layer chromatography (TLC). The chloroform extract from 10 liters of the culture supernatant of strain 520P1 was concentrated, dried, and dissolved in 10 ml of ethanol. An aliquot (20 ml) of this extract was analyzed by development in CH 3 OH:H 2 O (60:40, v:v) by reversed phase TLC (Silica Gel RP-18F 254S , Merk, Darmstadt, Germany). Soft agar containing 0.2% glucose, 40 mg/ml of X-Gal, and 1/15 volumes of overnight culture of Agrobacterium tumefaciens NTL4 (pZLR4) was poured over the surface of the TLC plate after chromatography. 6) Following incubation for 24-48 h, the plates were examined for zones of blue pigmentation. N-hexanoylhomoserine lactone (C6-HSL), N-tetradecanoyl-homoserine lactone (C14-HSL) and N-(3-oxooctanoyl)-homoserine lactone (3-oxo-C8-HSL) (Sigma-Aldrich Japan, Tokyo) were used as reference standards. We observed two distinct blue spots in the culture extract (Fig. 2) . The mobility of these spots on TLC (Rf about 0.4 and about 0.2) coincided with those of 3-oxo-C8-HSL and C14-HSL respectively. These results suggest that strain 520P1 produces at least two AHLs. Furthermore, 3-oxo-C8-HSL and C14-HSL appear to act as signaling molecules in strain 520P1.
We also used liquid chromatography-mass spectrometry (LC-MS) to confirm the presence of AHLs in strain 520P1. The analysis was performed using a TSQ triple quadrupole mass spectrometer equipped with an ESI source (ThermoQuest, San Jose, CA). High performance liquid chromatography (HPLC) separation was performed using an Inertsil ODS-3 column (2:0 mm Â 150 mm, ODS 5 mm, GL Science, Tokyo). Mobile phase A consisted of water and mobile phase B consisted of acetonitrile. Both phases contained 0.1% formic acid. The elution (flow rate = 0.2 ml/min) was performed as follows: 5% solution B from 0 to 5 min, 5%-95% solution B from 5 to 35 min (linear gradient), and 95% solution B from 35 to 50 min. To detect trace amounts of AHLs in the culture extract, we used the selected reaction monitoring (SRM) technique. Samples from the HPLC were introduced to the first MS, where ions of m=z 242 and m=z 312, which correspond to the molecular ions ½M þ H þ of 3-oxo-C8-HSL and C14-HSL respectively, were selected. To identify the selected ions as AHLs, the characteristic fragment ion of m=z 102, derived from the homoserine lactone moiety of the AHLs, was monitored selectively in the second MS. A fragment ion of m=z 102 was detected in the sample from the culture extract. A compound with ion peaks at m=z 242 and m=z 102 was eluted after 27.4 min during HPLC. Another compound with ion peaks at m=z 312 and m=z 102 was eluted at 41.8 min. The retention times of these compounds were coincident with those of 3-oxo-C8-HSL and C14-HSL respectively. These data confirm that 3-oxo-C8-HSL and C14-HSL were present in the culture supernatant of strain 520P1.
Finally, we investigated to determine whether 3-oxo-C8-HSL and C14-HSL would induce the production of violacein in strain 520P1. An aliquot (1 ml) of the concentrated extract of the culture supernatant, prepared The reference standards used were C6-HSL (0.02 mg) (a), C14-HSL (1 mg) (b), and 3-oxo-C8-HSL (0.01 mg) (c). The concentrated extract (20 ml) from the culture supernatant of strain 520P1 was examined (d). After chromatography, the TLC plate was overlaid with soft agar containing X-Gal and Agrobacterium tumefaciens NTL4 (pZLR4).
as described for the TLC experiments, was separated by development in a 55:45 (v:v) mixture of acetone:petroleum ether using preparative silica gel TLC (Silicagel 70 PF 254 , Wako, Osaka, Japan). The bands representing 3-oxo-C8-HSL and C14-HSL were collected separately and extracted with acetone. The samples were dried by evaporation and dissolved in 1 ml of ethanol. Standard AHLs, 3-oxo-C8-HSL and C14-HSL, and TLC samples dissolved in ethanol were added to the wells of a 24-well plate and dried for 1 h under reduced pressure. Strain 520P1 was cultured for 1 d, then washed and resuspended in the culture medium at a concentration of OD 0.5 at 700 nm. Strain 520P1 (1 ml) was added to the wells containing the AHLs. Static culturing of strain 520P1 on the plate was conducted at 20 C. At the indicated times, bacterial culture in the well was mixed well and subjected to subsequent measurements. The concentration of violacein was measured at 575 nm, and bacterial growth was monitored at 700 nm as described above.
Both the 3-oxo-C8-HSL standard and the TLC sample extracted from the band representing 3-oxo-C8-HSL induced violacein production (Fig. 3) . In contrast, the C14-HSL standard had no effect on the production of violacein (Fig. 3) . The TLC sample from the band representing C14-HSL showed no effect either (data not shown). When AHLs were not added exogenously, violacein production was initiated at 24 h and increased gradually during incubation. We hypothesize that this was due to the production of AHLs by the bacterium itself. Induction of violacein production was dependent on the concentration of 3-oxo-C8-HSL (Fig. 3B) .
In constructing Fig. 3 , we used a high initial concentration of bacteria (OD 0.5 at 700 nm) to show the effect of added AHLs. Under these conditions, the production of violacein at 96 h was 0.15-0.2. However, the violacein production shown in Fig. 1 reached 0.77 (data not shown). These results indicate that the amount of violacein produced is not determined only by the concentration of bacteria. We observed previously that violacein was produced on the surface of the culture medium, 1) which suggests that the formation of biofilm on the surface is a prerequisite for the production of violacein. It is likely that the culture conditions in Fig. 1 were better than those in Fig. 3 for the formation of biofilm and subsequent production of violacein.
Our results indicate that the quorum sensing system is involved in the production of violacein by Pseudoalteromonas sp. strain 520P1. We documented the occurrence of two AHL autoinducers, 3-oxo-C8-HSL and C14-HSL, in this strain by TLC bioassay and LC-MS. Furthermore, we tested the activity of these compounds and found that 3-oxo-C8-HSL but not C14-HSL induced production of violacein. Hence, we conclude that 3-oxo-C8-HSL is an active autoinducer that induces violacein production. Previous research has shown that C6-HSL also acts as an AHL and induces violacein production in the wild-type strain of Chromobacterium violaceum.
7)
The physiological function of C14-HSL is unknown at present, but it might play an important role in the quorum sensing regulation of other bacterial behaviors. Strain 520P1 (1 ml) was incubated in the wells of a 24-well plate with 62 mM 3-oxo-C8-HSL standard, 48 mM C14-HSL standard, or 100 ml of the AHL sample extracted from the spot corresponding to 3-oxo-C8-HSL on a TLC plate (A). Strain 520P1 was incubated for 30 h as described above with 100 ml of the AHL sample from TLC and varying concentrations of 3-oxo-C8-HSL or C14-HSL. The production of violacein with TLC sample was 0.020 (B).
